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Abstract. The degree of polarization (DOP) of laser-speckle fields,
where the speckles were generated by a polarized laser beam incident
upon two kinds of samples: ground glass and wax, was investigated
within a single coherence area as well as over multiple coherence
areas. For the surface-scattering ground glass, the incident polariza-
tion state was preserved in the speckle field, and hence the DOP
remained at unity regardless of the area of detection. For the volume-
scattering wax, the polarization states varied with positions in the
field, and consequently the DOP depended on the area of detection:
the DOP decreased with an increasing area of detection, and only
when the area was much smaller than the coherence area would the
DOP approach unity. A numerical simulation explained the experi-
mental observation. These results are important for the understanding
of polarization phenomena in turbid media such as biological tissue.
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Optical polarization has recently become an active area of
research in tissue optics. Polarization has been recognized as a
unique contrast mechanism in biomedical optical imaging.1–4
Polarization techniques have been employed to reject5 or
accept6 multiply scattered light from turbid media. There have
been a number of publications on transmission of polarized
light through a scattering medium. For example, Sankaran
et al.7 experimentally studied the degree of polarization
~DOP! of scattered light from biological tissues and tissue
phantoms. Because a coherent-light source was generally used
in these experiments, speckle patterns played significant roles
in the polarization measurements.
The statistics of laser speckle patterns, including partially
polarized speckle patterns, was well described in Goodman’s
chapter.8 In fact, partially polarized speckle patterns have
been studied extensively in recent years.9–12 Fercher and
Steeger9,10 determined the theoretical first-order statistics of
Stokes parameters and later verified the theory with experi-
ments. Brosseau12 studied the statistics of normalized Stokes
parameters and discussed potential applications. Freund
et al.13 proposed microstatistics to describe the polarization
behavior of a single coherence area in a speckle field. The
work was focused on deriving polarization correlation func-
tions for extracting information about the direction of the in-
cident polarization from the speckle pattern. Tarhan and
Watson14 further investigated the microstatistics; they mea-
sured the intensity at many points in a speckle pattern for a
given polarization angle of the incoming laser beam and ob-
tained the probability density distributions for the parameters
in the statistics. However, these two studies did not evaluate
the DOP at those points in the speckle field, which is a key
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Elies et al.,15 in a more recent investigation on speckle polar-
ization, observed the speckle field produced by light reflected
from a polished aluminum sample with a charge-coupled de-
vice ~CCD! camera. Their results showed that depolarization
among multiple speckle grains increased with sample inclina-
tion although each speckle grain remained polarized.
In this paper, we report on an investigation of polarization
in a speckle field formed by coherent light being transmitted
through a surface-scattering medium ~a ground-glass plate! or
a volume-scattering medium ~a wax plate!. The degree of po-
larization, as well as the degree of linear polarization ~DOLP!
and the degree of circular polarization ~DOCP!, were mea-
sured both within a single coherence area and over multiple
coherence areas and were further modeled theoretically. Al-
though it is widely acknowledged that multiple scattering
events in volume-scattering media can depolarize polarized
incident light and hence reduce the DOP, our study demon-
strated that the measured DOP depended significantly on the
conditions of observation.
2 Experiments and Simulation
The experimental setup is shown in Figure 1. A diode laser
~SDL, TC40, 850 nm! emitted a beam of 1.5 mm in full width
at half maximum diameter and of 60 m in coherence length.
After passing through an optical isolator and a half wave re-
tardation plate, the beam was horizontally linearly polarized
with a DOP of 0.99 and an intensity fluctuation of ;1%,
where the isolator and the retardation plate were used to pre-
vent back reflection into the laser and to fine tune the orien-
tation of the polarization, respectively. The beam was incident
upon the sample to produce a speckle field by the transmitted
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DownloadeFig. 1 Experimental setup. I, optical isolator; HW, half wave plate; S,
sample; D1 and D2 , irises; C, chopper; VW, variable-wave plate; A,
analyzer; BS, nonpolarizing beam splitter; R, photoreceiver.light. An iris was set closely behind the sample to control the
average size of coherence areas in the speckle field. Another
iris was used to select a portion of the speckle field for obser-
vation. The selected light, after passing through a variable-
wave plate, a Glan–Thompson analyzer, and a nonpolarizing
beam splitter, was detected by a large-area photoreceiver. The
variable-wave plate was calibrated to an accuracy of 99%
before measurements. A chopper operating at 900 Hz modu-
lated the beam intensity, and the output of the photoreceiver
was measured with a lock-in amplifier ~Stanford Research
Systems, SR510! to improve the signal-to-noise ratio. The
chopper was set behind the first iris ~close to the sample! to
ensure that only the light emerging from the sample was
modulated and detected. A CCD camera ~Dalsa CA-D1-
0256T, 2563256 pixels! was used to monitor the speckle pat-
tern simultaneously. A 3-mm-thick wax plate was used as a
volume-scattering sample, which multiply scattered the trans-
mitted light. The wax sample was sufficiently thick to produce
a speckle pattern of a high contrast, approaching the theoret-
ical limit for unpolarized speckles (1/&). For comparison, a
ground-glass plate was used as a surface-scattering sample,
which scattered light only on the surface by deforming the
phase front.
The average diameter (d) of the coherence areas in the
speckle field at the plane of detection, located at the second
iris, was estimated by the following expression:16
d5
2.44lL
D1
, ~1!
where L is the distance between the two irises, D1 is the
diameter of the first iris, and l is the optical wavelength.
Equation ~1! is the definition of the diameter of the Airy disk,
which represents the minimum speckle size in a speckle
pattern17 and can be used to estimate the average speckle size
in a ‘‘fully developed’’ speckle pattern. By definition, a fully
developed speckle pattern is completely polarized (DOP
51). Although the speckle patterns in our experiments are
not fully developed due to depolarization caused by multiple
scattering,18 for simplicity, we took Eq. ~1! as an approxima-
tion for the average speckle size in our study. For measure-
ments of a single coherence area ~multiple coherence area!,
D1 was set to 0.1 mm ~2 mm!, yielding an average diameter
of coherence areas of 14.8 mm ~0.74 mm! at the detection
plane with L5711 mm. By varying the area of detection de-
termined by the size of the second iris (D2), one could select
the number of detected coherence areas ranging between less
than one and plurality, which was monitored with the CCD
camera. The Stokes vector S,19 which describes a polarization
state with four elements ~S0 , S1 , S2 , and S3!, was measured
for each area of detection by adjusting the variable-wave plate
and the analyzer308 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
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where IH , IV , I45° , I135° , IR , and IL are the light intensities
measured with a horizontally linear analyzer, a vertically lin-
ear analyzer, a 45° linear analyzer, a 135° linear analyzer, a
right circular analyzer, and a left circular analyzer, respec-
tively. The DOP was then calculated by19
DOP5~S1
21S2
21S3
2!1/2/S0 . ~3!
And, the DOLP and DOCP could be obtained by
DOLP5~S1
21S2
2!1/2/S0 , ~4!
DOCP5uS3u/S0 . ~5!
Figure 2~a! shows the DOP, DOLP, and DOCP measured
within a single coherence area as functions of the size of the
detection area. For the ground-glass sample, the DOP showed
little variation associated with the size of the detection area
and remained at ;0.99, which was approximately the same as
that of the laser source. By contrast, for the wax sample, only
the DOP of those small areas of detection was close to unity,
and the DOP decreased as the area of detection was enlarged.
Like the DOP, the DOLP and DOCP decreased with an in-
crease in the area of detection for the wax sample. For the
ground-glass sample, the DOLP and DOCP had nearly con-
stant values: ;0.99 and ;0, respectively, which showed that
linear-polarization states were maintained in the speckle field.
Small fluctuations were seen in the DOCP measured from the
ground-glass sample, which were due to low signal-to-noise
ratios in the detection of the low-intensity circular-polarized
component. Figure 2~b! shows the DOP, DOLP, and DOCP
measured for multiple coherence areas. For both the ground-
glass and the wax samples, the trends in Figure 2~a! contin-
ued. It should be mentioned that the results in Figures 2~a!
and 2~b! were not joined together because the measurements
were not made under the same conditions as a result of the
replacement of the first iris.
From the Stokes vectors obtained with the ground-glass
sample, we found that the horizontally linear polarization
state of the laser source was maintained in each measurement.
In the measurements with the wax sample, a variation of the
relative distribution of speckle intensity was observed with
the CCD camera when the analyzer was rotated, indicating
that the polarization states in the speckle field were nonuni-
formly distributed. Based on the effect of the scattering on
light polarization, it is deduced that the multiple scattering
events in the wax sample caused the distribution of polariza-
tion in the speckle field.
We investigated the probability density functions ~PDFs!
of Stokes parameters in the speckle field generated by the wax
sample. Speckle patterns including multiple coherence areas
were recorded with the CCD camera, which acted as a detec-
tor array. The Stokes parameters measured at each CCD pixel
were taken for statistics. Figure 3 shows the probability den-
sity functions of the four Stokes parameters measured in the
speckle field generated by the wax sample. The PDF of theof Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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DownloadeFig. 2 Measured DOP, DOLP, and DOCP as functions of the area of detection. Ad (5pd2
2/4) is the area of detection, where d2 is the diameter of
the second iris; As (5pds
2/4) is the average area of the coherence areas, where ds is the average diameter of the coherence areas. (a) Measurements
within a single coherence area, where As5171 mm
2. (b) Measurements over multiple coherence areas, where As50.43 mm
2.first Stokes parameter, S0 , was similar to that obtained by
Goodman8 for the intensity of the sum of two speckle pat-
terns, which was different from the negative exponential dis-
tribution of the fully polarized speckle pattern. The other three
PDFs were symmetrically distributed. For comparison, a PDF
of the first Stokes parameter of a speckle pattern generated by
the ground-glass sample is given in Figure 3~a!. It is seen that
the distribution of this PDF is closer to the negative exponen-
tial distribution. Note that the DOPs corresponding to the two
speckle fields in Figure 3~a! are ;0.13 and ;0.99, respec-
tively. The variation of the PDF with the DOP agrees with
Goodman’s theory.8 According to the theory of Fercher and
Steeger,9 in which the speckle field was described as a super-
position of two fully developed uncorrelated linearly polar-
ized speckle fields, the symmetrical distribution of the PDF of
the second Stokes parameter indicates that the mean intensi-
ties of the two fields are the same.
Further, to well understand the phenomenon observed, we
theoretically simulated the polarization states in speckle fieldsd From: http://biomedicaloptics.spiedigitallibrary.org/ on 07/12/2016 Terms from a surface- and a volume-scattering medium, respec-
tively. For the volume-scattering medium, both the polariza-
tion state and the phase of the transmitted optical field were
assumed to be randomized by multiple scattering events. For
the surface-scattering medium, only the phase of the transmit-
ted optical field was assumed to be randomized as a result of
the deformation of the phase front. In the simulation, the op-
tical field at the first iris (D1) was represented by a Jones
vector
E~j ,h!5FEx~j ,h!Ey~j ,h!G5FEx0~j ,h!e
2 jfx(j ,h)
Ey0~j ,h!e
2 jfy(j ,h)G , ~6!
where Ex(j ,h) and Ey(j ,h) are two orthogonal components
of the field, and ~j, h! is the coordinate of a point in the plane
where the first iris is located. A pupil function was applied to
simulate the first iris, which gave the distribution of the opti-Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3 309
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DownloadeFig. 3 Normalized probability density functions of Stokes parameters,
which were measured in the speckle fields generated by the wax
sample: (a) S0 , (b) S1 , (c) S2 , (d) S3 . The probability density function
of the first Stokes parameter S0 in the speckle field generated by the
ground-glass sample is also given in (a) for comparison. ^S0&, ^S1&,
^S2&, and ^S3& are the average values.310 Journal of Biomedical Optics d July 2002 d Vol. 7 No. 3
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 07/12/2016 Terms cal field in the plane. For the surface-scattering medium, a
horizontally linear polarization state with a constant Ex0 and a
zero Ey0 was assumed, i.e.
E~j ,h!5FEx0e2 jfx(j ,h)0 G ~7!
and the phase fx(j ,h) was assumed to be randomized. For
the volume-scattering medium, assumptions were made:
arctan@Ey0(j,h)/Ex0(j,h)# was randomized between 2p and
p, whereas the total optical intensity @Ex0
2 (j ,h)1Ey0
2 (j ,h)#
remained constant, and the phases fx(j ,h) and fy(j ,h)
were randomized as well. For both of the media, the phase
was evenly randomized between 2p and p. The two field
components Ex(j ,h) and Ey(j ,h) were diffracted indepen-
dently, which generated two independent speckle patterns in
the far field. The diffraction processes were simulated by Fou-
rier transforms
Ex~x ,y !5F$Ex~j ,h!%, ~8!
Ey~x ,y !5F$Ey~j ,h!%, ~9!
where Ex(x ,y) and Ey(x ,y) are optical fields at the point
(x ,y) in the observation plane, and F$ % denotes the Fourier
transform. The final speckle pattern was generated by the
summation of the two speckle patterns. The Stokes vectors of
the speckle pattern were then calculated
F S0S1S2
S3
G5F Ex~x ,y !Ex*~x ,y !1Ey~x ,y !Ey*~x ,y !Ex~x ,y !Ex*~x ,y !2Ey~x ,y !Ey*~x ,y !Ex~x ,y !Ey*~x ,y !1Ey~x ,y !Ex*~x ,y !
jEx~x ,y !Ey*~x ,y !2Ey~x ,y !Ex*~x ,y !
G .
~10!
The results of the simulation are shown in Figure 4. Figure
4~a! shows the variations of the DOP, DOLP, and DOCP with
the size of detection area within a single coherence area. Fig-
ure 4~b! shows the results over multiple coherence areas. The
simulation results agree with the experimental observation: a
constant DOP of unity for the surface-scattering medium and
a decreasing DOP for the volume-scattering medium as the
area of detection increases. The DOLP and DOCP decrease
with enlargement of the area of detection for the volume-
scattering medium, whereas they remain constant for the
surface-scattering medium. Because of the statistical nature of
a speckle field, the experimental results and the simulation
results can be compared only qualitatively. Figure 5 displays
the four Stokes-vector components of a segment of the
speckle field from the volume-scattering medium correspond-
ing to the maximum area of detection in Figure 4~a!. It is
clearly seen that the profiles are different among the four
components. This agrees with the experimental observation
from the wax sample and indicates that the Stokes vectors
~polarization states! and the DOPs can vary from point to
point in the speckle field, even within a single coherence area.
This conclusion differs from the previous findings in speckle
fields formed by light reflected from surface-scattering
media.15of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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DownloadeFig. 4 Results of the simulation, where the expected number of coherence areas is defined as the area of detection divided by the expected area
of the coherence areas. (a) The variations of DOP, DOLP, and DOCP within a single coherence area. (b) The variations of DOP, DOLP, and DOCP
over multiple coherence areas.3 Discussion and Conclusions
The results from our surface-scattering medium are obvious:
because the speckle field is formed by the diffraction of an
optical field with a single polarization state, the speckle field
maintains the original polarization. For the volume-scattering
medium, the independent diffraction processes of Ex and Ey
create two orthogonal speckle fields polarized in the x and y
directions, respectively. The vector sum of the two orthogonal
speckle fields yields the total speckle field. Although the po-
larization states before diffraction are randomized, each point
in the total speckle field has a DOP of unity because its re-
sultant Ex and Ey components have a particular ratio of am-
plitude and a particular phase relation. Of course, the polar-
ization states at different points in the total speckle field are
statistically different from each other because both the ratio of
amplitude and the phase between the two orthogonal speckle
fields vary from point to point. The Stokes vector for an area
including more than one such point is then determined byd From: http://biomedicaloptics.spiedigitallibrary.org/ on 07/12/2016 Terms summing the Stokes vectors of all of the points in the area. As
a result, the DOP of the area is less than unity and decreases
statistically as the area is enlarged because more points are
included in the enlarged area. It is worth noting that, because
of their statistical nature, polarization states and DOPs can be
different even for detection areas of the same size.
We conclude that the measured DOP, DOLP, and DOCP in
a speckle field that is generated by a volume-scattering me-
dium depend on the size of the detection area: they decrease
with an increasing area of detection, and only the DOP of an
area much smaller than a coherence area is close to unity. This
conclusion is important for the understanding of polarization
phenomena in tissue optics, where polarized coherent light is
applied and a speckle field is generated. When the DOP,
DOLP, and DOCP of a speckle field from a turbid medium
such as biological tissue are measured, the above properties
should be considered, especially if the measurement is made
from a small area in the field. The fact that these parametersJournal of Biomedical Optics d July 2002 d Vol. 7 No. 3 311
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DownloadeFig. 5 The Stokes-vector components for a volume-scattering medium
within a coherence area corresponding to the maximum in Figure
4(a).may vary statistically even for areas of the same size should
be taken into account as well. Moreover, if a speckle field was
observed in reflection mode from a piece of biological tissue,
contributions from both the rough surface and the multiply
scattering light should be considered.
It is useful to compare our conclusions with the DOP in a
heterodyne detection scheme such as the one used in optical
coherence tomography ~OCT!. It was found that the DOP in
OCT maintains a value of unity as long as the scattering
sample is stable during data acquisition regardless of how
many speckles are detected.20 OCT is an amplitude-based de-
tection system that uses an interference heterodyne. OCT de-
tects the electric field of only the coherent part of the back-
scattered light. The electric field of the light from various
locations on the detector surface is projected onto the analyz-
ing polarization state and then added in amplitude. Equiva-
lently, the electric field vectors of the light from the various
locations of the detector are summed, and the vector sum is
then projected onto the analyzing polarization state. As a re-
sult of this coherent-detection scheme in OCT, a DOP of unity
is maintained despite scattering.
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